1 Social rituals, like male-male aggression in Drosophila, are often stereotyped and its 2 component behavioral patterns modular. The likelihood of transition from one behavioral 3 pattern to another is malleable by experience and confers flexibility to the behavioral 4 repertoire. Experiential modification of innate aggressive behavior in flies alters fighting 5 strategies during fights and establishes dominant-subordinate relationships. Dominance 6 hierarchies resulting from agonistic encounters are consolidated to longer lasting social 7 status-dependent behavioral modifications resulting in a robust loser effect. 8 We show that cAMP dynamics regulated by Rut and Dnc but not the neuropeptide Amn, 9 in specific neuronal groups of the mushroom body and central complex, mediate 10 behavioral plasticity necessary to establish dominant-subordinate relationships. rut and 11 dnc mutant flies are unable to alter fighting strategies and establish dominance 12 relationships during agonistic interactions. This real time flexibility during a fight is 13 independent of changes in aggression levels. Longer-term consolidation of social status 14 in the form of a loser effect, however, requires additional Amn neuropeptide mediated 15 inputs to cAMP signaling and involves a circuit-level association between the α/β and γ 16 neurons of the mushroom body. 17 Our findings implicate distinct modalities of cAMP signaling in mediating plasticity of 18 behavioral patterns in aggressive behavior and in the generation of a temporally stable 19 memory trace that manifests as a loser effect. 20 21 22
INTRODUCTION 1
Aggression is a social behavior involving competitive interactions over resources to 2 ensure reproductive success and survival. Conspecific agonistic interactions may result 3 in dominance hierarchies where those at higher levels have better access to resources. 4
The social ritual of Drosophila aggression is modular and comprises of stereotyped 5 behavioral patterns analogous to a sequence of fixed action patterns. These sequences 6 are present in full complexity in socially naive animals and appear to be pre-wired in the show no loser effect. These studies demonstrate distinct cAMP signaling modalities in 7 specific neural circuits in mediating behavioral flexibility leading to the establishment of 8 dominance relationships and in the long-term consolidation of social status. 9
MATERIALS AND METHODS 1
Fly stocks and maintenance 2 Canton S (CS), rut 2080 and amn c651 lines were obtained from Dr R. Strauss, University of 3 Mainz, Germany. dnc 1 , rut 2080 ;UAS-rut and all Gal4 driver lines were obtained from the 4 stock center at Bloomington, USA. All fly lines were backcrossed for at least nine 5 generations. The autosomes of the X-linked cAMP pathway mutant alleles used were 6 equilibrated to that of the control strain. Stocks were maintained at 25⁰C, 60% humidity 7 and a 14h:10h::light:dark cycle on standard food. 8
Analysis of aggressive behavior 9
Freshly eclosed flies were isolated and kept in social isolation for a period of 4-5 days 10 before testing. Acrylic paint marks on the upper thoracic region was used to identify 11 individuals. Male -male aggression assays were conducted as described earlier (Chen 12 et al., 2002) with the modification that they were conducted in a six-well chamber. A 13 food cup with yeast paste and a headless female was placed inside a six-well plate 14 chamber. A pair of marked, un-anesthetized, age-and size-matched male flies was 15 introduced into the chamber through gentle aspiration. All fights were conducted at 25⁰C 16 and 60% humidity and recorded using a Sony DCR-SR47E/S video camera. Fights 17 between socially naïve flies involved three phases. In the 'fight phase' a pair of naïve 18 flies was allowed to fight for 60 min, this was followed by a 'rest phase' of 60 min where 19 flies were returned to their original food vials and finally a 'test phase' where previously 20 matched flies fought against unfamiliar, naïve opponents for 60 min. SONY PMB 21 software on Windows OS was used for video playback and the fights were manually 22 curated. In all cases the analyzer was blind to the genotype of the fly. continuous lunges (without any interim retreats) and its opponent executed three 10 corresponding retreats (with no intervening lunges) (Yurkovic et al., 2006) . The latter 11 was designated as a 'loser'. 12 We analyzed various parameters to investigate aggression in flies across genotypes. 13
They include: 1. Encounter frequency (encounters per minute measured as total 14 number of encounters divided by total time of fighting); 2. Aggression vigor index (the 15 fraction of time spent fighting in first 10 min from the start of the first encounter); 3. 16 Latency to engage in an encounter (time in seconds from the start of the fight to initiate 17 the first agonistic interaction that lasts for at least 3 seconds). In the second fights, the 18 'Draw' outcomes, where 3 Lunge-3 Retreat rule was not satisfied, were further divided 19 into three categories based on Penn et al. (2010) . This categorization was based on 20 usage of lunges and retreats by experienced loser flies against a naïve opponent. 'High 21
intensity' draws consisted of experienced loser flies predominantly using lunges while 22 'low intensity' draws included usage of retreats. Fights in which the flies did not engage 23 in agonistic interactions were considered as 'no intensity', and categorized as draws. An 1 experienced loser fly may not readily engage in agonistic interactions against naïve 2 opponents. This may preclude escalation during fights and result in higher number of 3 draws. Thus 'high/low intensity' categorization facilitates better assessment of the 4 status-dependent behavioral changes manifested as the loser effect. 5
We devised the loser index in order to assess ability of flies to demonstrate the 6 experience dependent loser effect. The loser index was calculated as a difference 7 between the numbers of encounters lost to the encounters won divided by the total 8 number of encounters in the second fight. Within an encounter, if a fly uses aggressive 9 actions like lunging, boxing (rearing up on hind legs and striking the opponent with 10 forelegs), holding (rearing up on hind legs and holding the other fly's abdomen), chasing 11 (running after the opponent) or fencing (extending its leg forward and pushing the other 12 fly) (Chen et al., 2002; Zwarts et al., 2012) and the other fly responds with a retreat then 13 the former fly is a 'winner' and the latter a 'loser' in that encounter. 14
Analysis of locomotor behavior 15
Locomotor behavior was analyzed using a negative geotaxis assay as described before 16 (Ali et al., 2011) . A group of ten flies, age and size matched, were introduced into a food 17 vial one day prior to testing. The flies were placed in two head to head joined empty 18 food vials with a distance of 8 cm marked on the lower vial. Following a gentle tap to get 19 all the flies to the base of the vial, the number of flies able to climb above the 8 cm mark 20 in 10 seconds was scored. The experiment was repeated 10 times for each group and 21 the average pass rate calculated. Three experimental replicates were carried out for 22 each genotype. 23
Statistical analysis 1
Videotapes were analyzed and each encounter was scored for all fighting strategies and 2 documented on spreadsheets. All statistical analysis was performed using Statistica 8.0 3 and Graphpad Prism 6.0 statistical software. Various statistical tests were employed to 4 facilitate our analysis including Chi-square test, one-factor ANOVA and two-factor 5 No significant differences in locomotor activity between wild type and mutant flies were 1 found using a negative geotaxis assay (see Materials and Methods), thus ruling out the 2 possibility of motor deficits in these lines (Figure 2A ; P > 0.05). Multiple parameters 3 were evaluated to assess the aggression levels of the wild type and mutant lines. 4
Encounter frequency was significantly lower in rut 2080 mutants compared to CS flies but 5 dnc 1 and amn C651 mutants were comparable to wild-type flies ( Figure 2B ; P rut < 0.05, P dnc 6 and P amn > 0.05). Aggression vigor index was compromised in all the mutant lines 7 compared to CS, but was not significantly different between rut 2080 , dnc 1 and amn C651 8 flies ( Figure 2C ; P rut < 0.001, P dnc and P amn < 0.05). 9
While our studies implicate lack of behavioral plasticity in rut 2080 mutants in establishing 10 dominance hierarchies in rut 2080 versus rut 2080 fights, it is also possible that the rut 2080 11 flies are unable to execute high intensity maneuvers like lunges. In rut -rut fights, 12 neither opponent can adjust their fighting patterns depending upon experience resulting 13 in a lack of escalation beyond low intensity interactions precluding assessment of 14 behavioral changes in rut 2080 flies. We therefore analyzed fights between CS and rut 2080 To test this, we used the UAS-Gal4 binary system to express 9
the Rut gene product in restricted neuronal populations in a rut 2080 mutant background. 10
We chose well-characterized Gal4 drivers that have restricted expression in defined 11 neuronal populations of the mushroom body and central complex of the fly brain as 12 these regions are strongly implicated as central integrators in multiple behavioral 13 paradigms (Table 1) Figure 6A ). This indicates that an experience of social 2 loss results in a strong loser effect in subsequent fights. 3
As rut 2080 flies did not generate winners or losers in the first fight, both the individuals 4 were considered as experienced and used in second fights. However, as in their first 5 fights, rut 2080 mutants were unable to form any dominance relationships in their second 6 fights ( Figure 6A ; P < 0.001). dnc 1 also displayed no significant loser effect with 18% 7 losses, 18% wins and 64% draws ( Figure 6A ; P < 0.001). 8
Surprisingly, amn C651 flies did not show any loser effect. 50% of analyzed fights resulted 9 in losses and the remaining in wins for losers ( Figure 6A ; P < 0.001). Unlike rut and dnc, 10 All three cAMP pathway mutants displayed reduction in aggression vigor as compared 20 to CS. This includes amn, which displays normal behavioral flexibility and dominance 21 hierarchies. These results suggest that the level of aggression in flies is independent of 22 their ability to modify behavior in an experience-dependent manner. The latency to 23 engage in fights in cAMP mutants was also comparable to CS. The latter suggest no 1 overt changes in motivational states and support the previous conclusion. 2
Brain region specific expression of the Rut gene product in a rut mutant background 3 implicates specific neuronal circuits in status-dependent behavioral changes during 4 agonistic encounters. All the drivers that rescue the establishment of dominance also 5 restore the ability to alter the usage of lunges and retreats during a fight. 6
Rescue by Appl or c309 did not alter the encounter frequency, aggression vigor or the 7 latency to engage displayed by rut mutants. In line with our analysis of cAMP pathway 8 mutants, these results demonstrate that the rescue of dominance observed is 9 attributable to a restoration of experience-dependent plasticity mediated by Rut in 10 specific circuits and not a consequence of modified aggressiveness. 11
Our study suggests a functional role for MBs in learning and memory associated with Rescue of rut simultaneously in the α/β and γ lobe neurons of the MB, not only fully 1 rescues its ability to generate dominance relationships but also the loser effect. 2 However, rut expression independently in the α/β or the γ neurons was unable to 3 restore the loser effect, though social hierarchy was rescued. We hypothesize that two 4 distinct Rut dependent memory traces facilitate formation of the temporally distinct 5 However, this study did not explore the lack of behavioral flexibility in these mutants. In 8 our study, rut 2080 has low proclivity to engage in the first 10 min of fights, fail to form 9 dominance relations but are capable of executing high intensity maneuvers. In contrast, comparison test, 'P' is the interaction term, mean ± SEM, n=30). (C) Both CS and 10 amn C651 loser flies (P > 0.05) showed progressive increase in retreats while this was 11 significantly compromised in rut 2080 (P < 0.001) and dnc 1 (P < 0.01). 12 dnc 1 mutants, although compromised in modifying fighting strategies compared to CS 13 flies, demonstrate better trends compared to rut 2080 mutants (P < 0.001 for lunges; P < 14 0.01 for retreats) (Two factor repeated measures ANOVA followed by post hoc Tukey's 15 multiple comparison test, 'P' is the interaction term, mean ± SEM, n=30). 16
Total number of lunges/retreats in every three successive encounters is analyzed and 17 their mean is reported. SEM: Standard error of the mean. 
